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We report an extensive helium isotope survey of basaltic to andesitic
lavas from the Lesser Antilles island arc—an arc system with well-
documented evidence of crustal contamination. Given the sensitivity
of helium 1sotopes as a tracer of the effects of crustal additions, our
am is to evaluate the relationship of *He/*He ratios to other indices
of contamination processes such as oxygen and strontium isotopes.
To this end, we have carried out 53 * He/* He analyses on separated
minerals (olivines and pyroxenes) from throughout the arc, which
we compare with whole-rock strontium and phenocryst oxygen isotope
measurements. We show that the three isotopic tracers show coherent
patterns throughout the Lesser Antilles, indicating a regional control
on crustal contamination. The southern section of the arc (Grenada
lo Martinique) shows clear evidence for major crustal contamination
m all three wsolopic systems with resulls for our samples i the
range "He/"He iy 3°6-76R 1, 00y 4:74-5°76%0, and
8Sr/ MSr(w,,M,,m,f) 0-703970-0-705463. We suggest that ter-
rigenous sediments incorporated into the arc crust are the principal
contaminant. In contrast, there is mimimal contamination n the
northern part of the arc [Martinique—(Dominica)—Guadeloupe to
Saba] with results for the samples in the range *He/ 4H€/g/mw
6-8-84Ry, 0" Opiny 5-01-5-29%0, and "Sr/*S¥ sty
0-703221-0-703843. In this part of the arc, only pyroxene ’He/
"He values (1+4—6-8R.,) consistently record evidence of relatively
minoy, late-stage additions from the arc crust. Martimque appears
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lo represent the transition belween the two sections of the arc. The
tracer with the greatest sensitivily appears to be helium isotopes, as
contamination is seen first and most prominently in this system.
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INTRODUCTION

Helium isotopes variations have found utility as a sensitive
tracer of crustal contamination of mantle-derived
magmas (Hilton et al., 1992, 1993a, 19935, 1995; Ga-
sparon et al., 1994; Tedesco et al., 1995; Tedesco, 1996;
Patterson et al., 1997). In the Lesser Antilles island arc,
Van Soest et al. (1998) used “He/*He ratios of geothermal
fluids to argue that crustal contamination plays an im-
portant role in petrogenesis in the southern section of
the Lesser Antilles but that the central and northern arc
shows little or no evidence for crustal contributions.
Geothermal fluids, however, give only a broad overview of
contamination processes, as intra-island or intra-volcano
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variations in *He/*He can also develop within the geo-
thermal system as opposed to the magmatic system; this
necessitates the adoption of sample selection criteria such
as *He/*He variation as a function of distance from the
volcanic edifice (e.g. Sano & Wakita, 1985; Williams et
al., 1987; Marty et al., 1989; Hilton et al., 1993b; Van
Soest et al., 1998). Helium retentive phenocrysts (c.g.
olivine and pyroxene) from lavas offer the potential to
circumvent this problem because, in most cases, these
minerals can be expected to retain their intrinsic (mag-
matic) helium since crystallization.

Given the sensitivity of helium isotopes to crustal ad-
ditions, it is interesting to evaluate the relationship of
helium with other indicators of crustal contamination such
as mineral composition (e.g. mg-number—Gasparon et al.,
1994; Hilton et al., 1995; Patterson et al., 1997), oxygen
1sotopes (e.g. Margaritz et al., 1978; James, 1981; Bacon et
al., 1989; Feeley & Sharp, 1995; Macpherson et al., 1998),
and strontium isotopes. Therefore, in an attempt to study
and better characterize the relationship between helium
isotopes and other petrogenetic tracers in subduction zone
magmatism, an integrated He-O-Sr isotope study was
carried out for the Lesser Antilles using whole-rock powders
and olivine and pyroxene phenocrysts. Sr isotopes were
determined on the powders, whereas He and O isotopes
were determined on olivine and pyroxene separates from
the same rocks. We make the case that an integrated
approach can provide detailed information about petro-
genesis n the Lesser Antilles island arc and the relative
role(s) of different styles of crustal contamination.
Furthermore, it will be shown that all three isotope systems
show a consistent geographical pattern with respect to
detecting the presence of crustal contamination, but that,
on a sample-by-sample or mineral-by-mineral scale, there
is no clear correlation between helium and oxygen or
strontium isotopes. For the island of Martinique, a strong
correlation between O and Sr 1sotopes has been shown to
exist (e.g. Davidson & Harmon, 1989); this has led to the
conclusion that Martinique records more crustal con-
tamination than any other island in the Lesser Antilles.
The helium isotope data on mineral separates (presented
here) and geothermal fluids (Van Soest et al., 1998; Pedroni
el al., 1999) from Martinique suggest that in addition to
being a region of major crustal contamination, Martinique
also forms the transition between pervasive and probably
deep crustal contamination of the southern Antilles and
the northern section of the arc where high-level magma
chamber contamination predominates.

TECTONIC AND GEOLOGICAL
SETTING

Westward subduction of the Atlantic plate has given rise
to the Lesser Antilles, an intra-oceanic north—south-
trending volcanic arc of 750 km length located on the
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castern margin of the Caribbean plate (Fig. 1). Evidence
for current (Montserrat, e.g. Young e al., 1997) to recent
(historical to late pre-Columbian times) volcanic activity
has been found on most islands from Saba in the north
to Grenada in the south (e.g. Maury ef al, 1990, and
references therein). The oldest dated evidence for volcanic
activity in the Lesser Antilles is upper Eocene (Briden et
al., 1979). The volcanic arc is split in two from the island
of Martinique northwards: an older arc, the Limestone
Caribbees [above sea-level expression Grand Terre (Gua-
deloupe)-Anguilla], lies to the east of the current Volcanic
Caribbees, where active volcanism takes place today
(above sea-level expression Martinique—Saba).

The Lesser Antilles arc is characterized by a transition
from a typical oceanic arc in the north, with a clearly
defined trench of >6 km depth, to a much less typical
arc in the south, where a large fore-arc wedge, which
reaches a thickness of up to 20 km, completely fills the
trench. In the south, the extent of the subduction zone
1s defined by the deformation front of the fore-arc (e.g.
Moore et al., 1982; Westbrook et al., 1988; Fig. 1). The
main source of sediments that have contributed to the
formation of the large fore-arc wedge and the trench fill
in the southern Antilles is the South American continent,
via the Orinoco and Amazon river deltas (e.g. Burke,
1988). The thickness of the sediments is greatest in the
south, close to the source, and thins towards the north.

At present, the Atlantic plate entering the subduction
zone is Campanian or older (Stein ez al., 1983; Westbrook
et al., 1984). In the south of the arc, the crust may be as
old as Jurassic (e.g. Westbrook et al., 1984). Over the
history of subduction in the eastern Caribbean, a number
of ridges on the Atlantic plate entering the trench have
had a significant influence on the subduction process and
the shaping of the Lesser Antilles island arc. These ridges,
running approximately WNW-ESE, are potentially
linked to some of the large transform faults at the Mid-
Atlantic Ridge (MAR) (e.g. Roest & Collette, 1986) and
are termed ‘transform flanking ridges’ (Stein e/ al., 1982).
They have influenced the Lesser Antilles arc in several
ways, not least in the distribution of the sediments in
front of the arc: thick in the south as far north as
Martinique and then thinning significantly and changing
in composition towards the north.

Seismic studies have revealed that the Lesser Antilles
arc has a complex crustal structure (Officer et al., 1957,
1959; Bunce et al., 1970). The presence of the large fore-
arc and its associated terrigenous sediments in the south,
the opening of the Grenada Basin, and the recent arc
jump in the north imply that there might be significant
differences in the composition of the crust along the strike
of the arc (e.g. Fox & Heezen, 1975; Tomblin, 1975;
Rea, 1982):

(1) in the south of the arc where the large fore-arc
wedge reaches its greatest thickness, it has overthrust the
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Fig. 1. Map of the Lesser Antilles showing the location of the islands, the trench-deformation front, the main ridges, and the locations of Deep
Sea Drilling Project (DSDP) holes 27A/27 and 543/543A and Ocean Drilling Program (ODP) hole 672 (single symbol).

volcanic arc and forms part of the crust (e.g. Torrini &
Speed, 1989; Larue et al., 1991). The extent of over-
thrusting might be related directly to the northward
extension of the thick fore-arc. The fore-arc and sedi-
ments available for subduction become rapidly thinner
north of the St. Lucia Ridge (see bathymetry in Fig. 1,

and, e.g. Ladd et al., 1990). Therefore, it is possible that
extension of overthrust fore-arc sediments does not extend
beyond St. Lucia or Martinique, where such features
have not been described (e.g. Larue et al., 1991).

(2) Whereas the opening of the Grenada Basin in
Eocene times produced new oceanic crust in the southern
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part of the Lesser Antilles (as far north as Guadeloupe;
see Fig. 1), it also caused limited extension of existing
arc crust in the north (Bouysse, 1988). Part of the southern
arc could therefore be built on relatively young oceanic
crust as postulated for some of the Grenadines (Speed &
Walker, 1991), whereas the arc north of Martinique
could be built on older, pre-Lesser Antilles ‘Aves’ arc
crust, or even on the anomalously thick, oceanic crust of
the Caribbean plate. Another possibility is that part of
the current southern arc has been built on the remains
of the Aves ‘fore-arc’, which might have been split away
from the Aves Ridge when the Grenada Basin opened
(e.g. Davidson, 1987; Davidson & Harmon, 1989).

(3) The shift of the volcanic arc north of Martinique
(e.g. Westbrook & McCann, 1990) resulted in the north-
ern part of the arc moving away from its original pre-
Lower Miocene basement onto the stretched and much
thinner older ‘Aves’ arc or Caribbean plate crust of the
northern extension of the Grenada Basin.

These physical changes imply that there are significant
changes in crustal composition along the strike of the
arc. The effect of the crustal variations on overall crustal
thickness along the Lesser Antilles is not completely clear,
but a general trend from thicker in the south around St.
Vincent (~35-40km) to thinner in the north around
Montserrat (~25km) can be extrapolated from gravity
modeling and seismic data (Maury ez al., 1990).

All these features make the Lesser Antilles a complex
but well-suited arc for geochemical study. Along-strike
changes in crustal composition allow evaluation of the
role of crustal contamination and its possible overprinting
effects on various subducted components (e.g. Mac-
pherson et al., 1998). On the other hand, the clear
differences in type and amount of subducted sediment
can be used to better constrain the role and effects of
sediment subduction on magmagenesis along the arc (e.g.
Arculus & Powell, 1986; Arculus, 1994; Hawkesworth e/
al., 1994; Pearce & Peate, 1995).

ANALYTICAL TECHNIQUES AND
SAMPLES

Analytical techniques

Helrum sotope analyses

Samples were processed for "He/*He and helium abund-
ances ([He]) by crushing m vacuo of olivine (ol) and
pyroxene (px) [both clinopyroxene (cpx) and ortho-
pyroxene (opx)] separates. The minerals were separated
initially by a combination of heavy liquid and magnetic
separation using coarsely crushed whole-rock batches.
Subsequent hand-picking helped ensure mineral purities
close to 100%. Before analysis, the samples were cleaned
in analytical grade ethanol.
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The majority of the samples were analysed in the
Isotope Laboratory of the Scripps Institution of Ocean-
ography (SIO) in La Jolla, California. At SIO, helium
analyses were carried out on a 25 cm radius, split-tube,
helium isotope mass spectrometer, custom-built for sim-
ultaneous collection of “He and "He (see Rison & Craig,
1983). Gas extractions were carried out using on-line
‘solenoid’ crushers with released volatiles exposed, in
sequence, to a Ti-getter, a charcoal trap held at liquid
nitrogen temperature, and a cold-trap cooled by a helium-
refrigeration unit to separate the helium from neon. A
recent description of the analytical procedure, measure-
ment protocols and typical blanks has been given by
Hilton et al. (2000).

The remainder of the samples, labeled ‘v-’ in Table 1,
were analysed at the Vrije Universiteit Amstersdam
(VUA), which employs a VG T5400 rare gas mass
spectrometer, equipped with a Johnston electron mul-
tiplier and Faraday cup. The collectors have switchable
resistors to facilitate beam measurement over a range of
inlet pressures: 10° and 10° Q for the multiplier and
10°, 10", and 10" Q for the Faraday cup. The mass
spectrometer 1s coupled to an all-metal gas preparation
line, designed and built in-house, and samples are pro-
cessed using either on-line pneumatic crushers or an
induction furnace. A more complete description of min-
eral separation procedures, mass spectrometric pro-
cedures, and the SIO and VUA crusher types has been
given by Van Soest (2000).

Oxygen isotope analyses

Oxygen isotope analyses were performed at Royal Hol-
loway University of London (RHUL) using laser-flu-
orination (Mattey & Macpherson, 1993). Aliquots of
~ 1-5mg of ol, cpx or glass were hand-picked and loaded
mto the extraction cell (Mattey & Macpherson, 1993).
All results were normalized (and corrected if necessary)
to two RHUL in-house standards: San Carlos (SC) olivine
and GP101l clinopyroxene. These standards are cal-
ibrated against a primary standard NIST-30. Accuracy
of the analyses is better than 0-1%o (15). Oxygen yields
are >96% for glasses and >98% for mineral separates,
thereby ensuring negligible isotope fractionation during
fluorination (Mattey & Macpherson, 1993). Data are
expressed in the usual § notation in per mil deviations
from the international standard V-SMOW.

Strontium isotope analyses

Strontium isotope analyses were carried out at the VUA
on a Fmnigan MAT261 multi-collector thermal 1on-
ization mass spectrometer. Strontium was prepared using
ion exchange columns with Sr-SPEC cation exchange
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resin (100-150 pm). A procedural blank was determined
with each batch of samples; typically, this blank ranged
from 100 to 300 pg Sr. Samples were loaded on annealed
Re single filaments, with Sr isotope ratio measurements
made using the Sr triple-jump method: this procedure
corrects on-line for mass fractionation of the ratio. Each
turret of (13) samples contained at least one aliquot of
the NBS987 Sr standard. A complete description of clean
laboratory and mass spectrometric procedures has been
given by Van Soest (2000). Strontium contents of the
samples were determined by inductively coupled plasma—
mass spectrometry (ICP-MS).

Samples

The majority of samples used for this study were phyric
lavas of basaltic to andesitic composition. During field
collection, emphasis was placed on collecting olivine-
bearing samples given the propensity of pyroxenes to
contain He with a lower *He/*He ratio than cogenetic
olivine [see below and Hilton et al. (1995)]. Also, we
attempted to sample ‘young’ lava flows based mainly
upon field relationships and published age data (e.g.
Briden et al., 1979; Maury et al., 1990). All samples
were analysed for major and trace elements by X-ray
fluorescence spectroscopy and ICP-MS, respectively, and
mineral compositions were determined by microprobe.
These results have been discussed by Van Soest (2000),
and will be reported elsewhere. Rock type and mg-number
are given in Table 1.

RESULTS
Helium isotope results

A total of 53 helium isotope and abundance analyses
were carried out on mineral separates from 38 samples
covering 12 islands and one submarine volcano. Twenty-
six ol and 26 px separates (21 cpx and five opx) were
analyzed. Additionally, one rhyolitic glass (gl) separate
was processed. Results are reported in Table 1. Helium
isotope ratios (*He/*Heum. = Ry) are reported in the
R,i/R, notation, where R, 1s the isotopic ratio of helium
in air. Helium abundances are reported in ncm® STP/
g. Neon was measured for some samples; however, this
was not possible in all cases as a result of low gas contents.
Therefore, a correction was not made for potential air
contamination of the samples, as is usually performed
for helium analyses of geothermal fluids. It is significant
that in the case of samples where an air correction was
possible, shifts in *He/*He ratio were typically <0-1R,:
this gives confidence that the effects of air contamination
of phenocrysts are negligible.
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Helium isotope results obtained by crushing of ol and
px show all samples to be characterized by a significant
mantle-derived component. The highest values overlap
with mid-ocean ridge basalt (MORB) helium (8 + 1R,),
as observed for a number of other arcs worldwide (e.g.
Poreda & Craig, 1989; Gasparon et al., 1994), whereas
minimum ratios of 1-4R, (Nevis Peak) imply a large
radiogenic helium contribution. The ratio of 0-57R, in
the crushed rhyolitic glass implies an even larger ra-
diogenic helium contribution. Although we consider most
samples to be young (<1 Ma), disturbance of the original
magmatic He/*He ratio is a concern. This could occur
by addition of radiogenic *He, as a result of decay of U-
and Th-series radionuclides, or by in-growth of cosmo-
genic *He by exposure at or near the surface. In either
case, the extrancous helium is probably sited in the
mineral matrix and not in fluid and/or melt inclusions
trapped in the mineral lattice. Processing samples by
vacuum crushing, particularly if crushing times are min-
mmized (as in this work; see also Hilton et al, 19935;
Scarsi, 2000), largely overcomes the problem of addition
of extraneous helium as only inclusion-sited volatiles
are released. We conclude, therefore, that the possible
contribution of a radiogenic or cosmogenic helium com-
ponent to the magmatic helium released by crushing is
minimal.

In Fig. 2a, the helium isotope results are plotted against
position (latitude) along the arc. If only the ol data (black
symbols) are considered, we can observe two distinct
groups: a northern group of islands [Guadeloupe, Mont-
serrat, Redonda, (Nevis), St. Kitts, Statia, and Saba],
characterized by MORB-like *He/*He ratios, and a
southern group of islands (Grenada, Grenadines, and
St. Vincent) with a larger range in *He/*He values
(3:56-7-94R ), which is generally lower than MORB.
The three central islands (St. Lucia, Martinique, and
Dominica) do not have suitable ol-bearing samples and
therefore cannot be classified in this way.

Pyroxene data have a large range in *He/*He ratios
throughout the arc (white and gray symbols in Fig. 2a).
It 1s significant that for the northern group of islands
most px data are lower than the ol data, whereas for the
southern group px and ol data overlap, with px extending
to lower values. The px data for the adjacent islands St.
Lucia and Martinique again do not allow classification
of these islands into the two geographic groupings.

If the ol helium isotope results are compared with
results obtained from geothermal fluids [diagonally
hatched boxes in Fig. 2a; data from Van Soest et al.
(1998)], it is clear that considerable overlap exists between
the two datasets. The mineral data of the central group of
islands, comprising Martinique, Dominica, Guadeloupe
and Montserrat, place these islands within the domain
of the northern portion of the arc, i.e. *He/*He within
error of the MORB value. In contrast, St. Lucia appears

150



VAN SOEST et al.

CRUSTAL CONTAMINATION IN LESSER ANTILLES ARC

Sy

Z’L 2 jan

|

i

OPP2RCOH4OCO®COHIACPINCO®

Saba OL

Saba GL

Statia OL

Statia OPX

St. Kitts OL

St. Kitts CPX
Nevis OPX
Redonda OL
Redonda CPX
Montserrat OL
Montserrat CPX
Guadeloupe OL
Guadeloupe PX
Martinique PX
St. Lucia CPX
St. Vincent OL
St. Vincent CPX
lle de Caille OL
Kick'em Jenny CPX
Grenada OL

o Grenada CPX
i (a) Martinique Geoth, Fl.
N12.00° N13.00° Ni14.00° N15.00° N16.00° N17.00° NI18.00®
Latitude
N1g® Nige T
@ Glass l
LI (o] ® Olivines SAB [
e COC o O Pyroxenes STE l
N17° N1T7% %
. MON [
MN16°4 ol |0 |o ® GuA N16% |
@2 o
g -1
£ NIs* 2 Nise
i o MAR |
N14°4 N14°] |
ee 08 g 8O0 STV [
N13% NI3 %
. oo GRN | 0 N
b T. o SRE GRE
NP —2le L . . - nize ; | L ; .
4.5 5.0 55 60 6.5 7.0 75 0.702 0.703 0.704 0.705 0.706 0.707 0.7
8O i) (%) $1Qr/%Sr

Fig. 2. An overview of the helium, oxygen, and strontium isotope results vs location (latitude) in the arc. (a) Ryi/R, vs latitude for the complete
mineral database for the Lesser Antilles. The gray box shows the MORB range and the two cross-hatched boxes show the range for Lesser
Antilles geothermal fluids in both parts of the arc (Van Soest et al.,, 1998). Data are shown for each island and for mineral phase analysed. (b)
8" vs latitude for the complete mineral dataset obtained during this study. Data are shown per island and mineral type. Also shown are two
boxes for the range of olivine (gray box) and clinopyroxene in equilibrium with mantle peridotite (Mattey ef al., 1994). GRE, Grenada; GRN,
Grenadines; STV, St. Vincent; MAR, Martinique; GUA, Guadeloupe; MON, Montserrat; STE, St. Eustatius; SAB, Saba. (c) ’Sr/®Sr in WRs
plotted against position in the arc (latitude). The MORB range is indicated by the gray box and is based on values from Saunders ¢/ al. (1988)
and Rollinson (1993, and references therein). The two continuous lines indicate the range of published Sr isotope ratios for the Lesser Antilles
[see text and Van Soest (2000) for references|. RED, Redonda; NEV, Nevis; STK, St. Kitts. The arrow marked by 0-7102 indicates the highest

¥Sr/*Sr determined for the island of Martinique.
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to belong to the southern group. For Martinique, the
situation in helium isotope systematics is ambiguous, as
*He/*He span a wide range; indeed, the helium results
for Martinique [Table 1 and Van Soest et al. (1998) and
Pedroni et al. (1999)] suggest that it could form the
transition region between the two groups. This issue will
be addressed further below.

Oxygen isotope results

Oxygen isotope data for 41 mineral separates (24 ol, 16
px, and one gl sample) are reported in Table 1. Helium
1sotope and abundance data are available on all but 13
of these samples. In Fig. 2b, the oxygen data are plotted
against geographical position in the arc. For reference,
we also show the ranges of oxygen values for ol and cpx
in equilibrium with mantle peridotite (Mattey ez al., 1994).
Most data for the Lesser Antilles fall within the respective
ranges for mantle peridotite. This suggests that these
minerals crystallized from a melt that had undergone
little or no modification of its oxygen isotope systematics
since its formation in the mantle wedge.

However, there are 12 samples that fall outside the
range of mantle peridotite. It is noteworthy that, of these,
nine come from the south of the arc (Grenada-
Martinique). There are two outliers, showing large
(>0-5%o) deviations from mantle peridotite values: Mar-
tinique (Ism2-cpx) and Guadeloupe (Isgud-ol). Petro-
graphic and microprobe studies suggest that the lsgu5-
ol separate is xenocrystic and therefore might not be
representative of the magma. On the other hand, the
Ism2-cpx separate appears to be phenocrystic and thus
representative of the magmatic ?5180Cpx value.

The other 10 samples (four cpx and six ol) show
deviations from mantle peridotite at the level of ~0-3%o
or less. This suggests that these mineral separates crys-
tallized from a magma that had modified oxygen isotope
systematics compared with mantle peridotite. Within this
sub-set, six samples (four cpx and two ol) deviate towards
lower 8O values (as low as 4-74%o for ol and 4-99%o
for cpx). Four of these six samples come from the island
of St. Vincent, and form two ol-cpx mineral pairs (Isv4
and lav2); the other samples are cpx separates from
Guadeloupe (Isgu5-cpx) and Statia (SE8247A). The re-
maining four samples—all ol separates—show small de-
viations towards higher 8'°O values (up to 5-76%o): two
from Ile de Caille (WIC17 and WIC19) and two from
Grenada (Isgd and 1sg8). The glass separate from Saba
(Iss3-gl) has the highest 3'°O value obtained in this study.
The 8O value of 7-49%o (vs SMOW) is consistent with
a glass of rhyolitic composition that has evolved in the
arc crust (e.g. Harmon et al., 1984; Ellam & Harmon,
1990).

The oxygen isotope database contains 12 ol-cpx min-
eral pairs. Except for three samples (Isgud, 1sg5, and lsg8)
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the mineral pairs have A, values that fall within the
range of mantle peridotite (Mattey et al., 1994). The lsgub
pair has a much larger A, value, probably because
the ol in the sample is xenocrystic although the cpx is
also offset but towards lower values. The other two pairs
(Isgd, 1sg8) have A, values that are less than the mantle
peridotite range. This is caused by significantly higher ol
8"O values compared with mantle peridotite, whereas
cpx values have remained within the peridotite range
(Mattey et al., 1994).

Two of the mineral pairs of St. Vincent (Isv4 and lav2)
have both ol and cpx 8'*O values that are offset compared
with mantle peridotite, but A, values that remain
within the mantle range. This indicates that both ol and
cpx have been offset by the same amount. Another
interesting feature of St. Vincent is the lavl ol sample,
which has two distinct 8O values. On the basis of the
A, systematics of the other mineral pairs, it seems that
the olivine with the higher value of 5:36%o could be of
xenocrystic or cumulate origin.

In comparison with the helium isotope data (Fig. 2a),
the oxygen isotope data in Fig. 2b do not show any clear
systematic inter- or intra-island trends. It is interesting
to note, however, that of the 12 samples that do show
deviations from mantle peridotite values, eight are from
the south of the arc (Grenada—St. Vincent) and one is
from Martinique. This is exactly the section of the arc
where helium isotopes in olivines (Fig. 2a) and geothermal
fluids (Van Soest et al., 1998; Pedroni ¢t al., 1999) deviate
from MORB values. This is also the section of the arc
for which the presence of crustal contamination has
been advocated previously (Thirlwall & Graham, 1984;
Davidson, 1987; Davidson & Harmon, 1989; Smith ef
al., 1996; Thirlwall ¢t al., 1996).

Strontium isotope results

A total of 30 whole-rock (WR) samples were analysed
for ¥Sr/*Sr at the VUA. WR Sr isotope ratios cover a
range from 0:703221 (R8202) to 0-705463 (WIC19)
(Table 1). This wide range is mainly found in the south
of the arc—the islands of Grenada, the Grenadines,
and Martinique (0-703919-0-705463). The northern arc,
from Guadeloupe northwards, is characterized by a much
narrower range (0-703221-0-703843). Minimum values
for ¥Sr/*Sr are found at the islands of Montserrat and
Redonda. Sr contents generally range between ~ 200
and ~350 ppm, but at three islands, much higher
abundances are observed: Grenada has rocks with Sr
concentrations up to ~ 1250 ppm, and the islands of
Montserrat and Redonda have values around 490 ppm.

In Fig. 2¢, the data are plotted against position (latitude)
in the arc. Also shown is the range of previously reported
¥Sr/*Sr for the Lesser Antilles. It can be seen that the
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range of literature *’Sr/®Sr for the southern arc is much
larger than that found in this study, whereas there is
good overlap for the northern arc. This effect is probably
due to sampling bias and the geographical distribution
of rock types. In this study, the focus was mainly on ol-
bearing rocks so that more evolved rocks, which are
mainly responsible for the high ¥Sr/*Sr in the south,
were not sampled. Additionally, these more evolved rock
types are much less abundant in the northern part of the
arc, which helps explain the good overlap between our
data and literature values.

It is noteworthy that most ’Sr/®Sr data (from this
study and the literature survey) are significantly higher
than the range reported for MORB (e.g. Saunders et al.,
1988). In Fig. 2¢, the MORB range is shown as a gray
box and the data fall within this range only for the island
of Redonda. In general, the northern arc (Guadeloupe—
Saba) has ’Sr/*Sr similar to other oceanic arcs world-
wide (e.g. White & Patchett, 1984; Woodhead, 1989;
Elliott et al, 1997; Turner et al., 1997), whereas the
southern arc (Grenada—Martinique) trends towards much
higher radiogenic ‘crustal’ values (especially noticeable
in the literature range) similar to continental arcs such
as the Andes (e.g. McMillan et al., 1993). A notable
exception to this generalization is the narrow range in
Sr 1sotope ratios for the island of St. Vincent in the
southern arc, which appears very similar to the Sr isotope
systematics of the northern arc.

Finally, we note that the occurrence of high or
radiogenic “’Sr/®Sr in the southern Lesser Antilles
coincides with the region of low *He/*He ratios in ol
and geothermal fluids, and with the majority of the 3'°O
values that deviate from the MORB range.

DISCUSSION

Helium isotope systematics and helium
contents

The helium isotope systematics of the phenocrysts (this
study) conform to the general He pattern derived from
our earlier survey of geothermal fluids, i.e. MORB-like
*He/*He ratios in the northern Antilles with a pro-
nounced radiogenic He addition in the south (Van Soest
et al., 1998). The phenocryst database 1s more extensive,
however, and allows for closer scrutiny of the details of
the distribution, particularly the location of the transition
where radiogenic helium starts to contribute to the volatile
mventory.

In Fig. 3, we plot *He/*He vs helium content ([He])
for the entire database of ol and cpx separates of the
present study. For the northern islands (Fig. 3a), the
olivine *He/"He data do not show any correlation with
[He], whereas the pyroxene isotope data show a clear
decrease with decreasing [He] (limiting case shown by
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the black arrow). The Martinique data seem to follow
this latter trend. Significantly, the southern arc does not
show the same trends. In this case (Iig. 3b), the data are
more scattered, with significantly lower than MORB
helium isotope ratios characterizing the majority of the
ol and px samples.

We consider several factors that may cause these vari-
ous features: (1) magma aging in crustal magma cham-
bers; (2) modification of the mantle wedge, either by
subduction of helium directly or by enhanced in-growth
as a consequence of increased U and Th contents as-
sociated with subduction; (3) isotopic fractionation during
batch or fractional degassing; (4) degassing, combined
with ecither a localized late-stage assimilation or a major
crustal contamination event.

(1) The possibility of in-growth of *He in crustal magma
chambers (or magma aging) as the cause of *"He/*He ratios
lower than MORB in arc-related lavas was considered by
Hilton et al. (19936) for the Andes, with the conclusion
that the expected residence times of magmas in the crust
are too short to produce sufficient radiogenic helium
to modify magmatic *He/*He values. Using the same
approach, we calculate that for an initial MORB-like
helium composition (*He/'He = 8R,, [He] = 15 X
107° ecm® STP/g; Sarda & Graham, 1990) it would take
a residence time of ~20 my to grow in the requisite 2-14
x 107% cm® STP *He to lower the “He/*He ratio by
one R, unit (for an average Th and U composition of
basaltic and basaltic-andesitic lavas in the Lesser Antilles
of [Ul = 0:6 ppm, Th/U = 2-5; Van Soest, 2000).
Magma residence times of up to 60 ky have been cal-
culated for evolved magmas from St. Vincent based on
inferred isochronous relationships in U-series isotopes
from minerals in recent lavas (Heath et al., 19985). Even
shorter residence times are anticipated based on the
presence of Ra disequilibria in recent lavas from Mar-
tinique, St. Vincent and Kick’em Jenny (Chabaux et al.,
1999). Such short crustal residence times inferred for
Lesser Antilles magmas are grossly insufficient for magma
aging to affect magmatic *"He/"'He values.

(2) The presence of radiogenic helium in the southern
Lesser Antilles has been explained by the subduction of
radiogenic helium acting to modify the mantle wedge
(Pedronti et al., 1999). This conclusion was based upon a
tentative correlation between helium isotope systematics
in geothermal fluids and strontium isotope systematics
from published whole-rock samples. As discussed below,
we consider this approach untenable. However, we also
point out that the high diffusivity of helium in deep-
sea sediments (Hiyagon, 19944, 19945) makes it highly
improbable that helium will be retained until sediment
reaches the zone of magma generation; indeed, it is far
more likely that helium will be lost to pore fluids during
burial and the initial stages of subduction (Hilton et al.,

1992).
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Fig. 3. (a) A plot of Ry/R, vs [He] for the northern arc. Data are shown for island and mineral type. There are two clear trends: ol “He/He
data show no correlation with helium contents and are characterized by MORB-like *He/*He for the complete range of helium contents. In
contrast, the northern arc px “He/'He data show a clear positive correlation with helium content. The data for Martinique seem to conform to
the trend observed for the northern arc px data. (b) A plot of Ry;/R, vs [He] for the southern arc. Data are shown per island and per mineral
type. Trends are less obvious than in the case of the northern px data, although there appears to be a broad positive correlation of most samples
(including the olivines) with helium content. (c) A plot of Ry;/R, vs [He] for ol data from the whole arc. Data are shown per island. This plot
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horizontal trend is similar to the trend of the northern ol data but displaced to lower ratios.
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In-growth of radiogenic helium in the mantle wedge
could also result from increased amounts of U and
Th introduced into the mantle by subduction. Again,
however, this mechanism cannot explain our observations
for the Lesser Antilles, as we observe *He/*He ratios
equal to the MORB-mantle value (8R,) throughout the
arc, including a mantle xenolith from Grenada in the
south of the arc (GRE27x13-ol). Furthermore, short
residence times of U and Th series isotopes in the mantle
wedge argue against this possibility; for example, based
on Ra disequilibria observed in lavas from the Lesser
Antilles, Chabaux et al. (1999) concluded that melt for-
mation and extraction must be rapid—within 8 ky.

The fact that it is highly improbable that helium will
be subducted in significant amounts suggests that any
significant in-growth in the wedge, even at elevated U
and Th contents, would be of similar if not longer time
scales compared with the results of the calculations under
point (1). This suggests that magmas throughout the
Lesser Antilles will enter the crust with MORB-like
helium 1sotope ratios.

(3) Isotopic fractionation of He during degassing may
potentially cause lowering of *He/*He in residual vol-
atiles. Theoretically, if diffusion controlled, the effect is
small, ~15% (Hilton, 1996). However, it is unlikely that
such an effect occurs in nature. Kurz & Jenkins (1981),
for example, noted that *He/*He of vesicle and host glass
were equal even though helium was overwhelmingly
partitioned into the vesicle phase.

(4) Degassing can play a pivotal role in determining
the helium isotope systematics of the phenocrysts, not by
isotopic fractionation, but by reducing intrinsic helium
contents of magma thereby increasing its susceptibility
to crustal contamination (Hilton ez al., 19935). Using the
He partition coeflicient of 0-008 between olivine and
MORB melt (Marty & Lussiez, 1993), it would be ex-
pected that an olivine phenocryst that crystallized from
a MORB magma (15 x 107° cm® STP/g) would contain
12 x 1077 em® STP/g helium. Our observed range in
helium abundances (Table 1) is considerably lower than
this value (approximately one order of magnitude for the
highest concentration observed: ~2:5 x 10~" cm’ STP/
@). This implies that if the observed He concentrations
do indeed represent equilibrium partitioning between
olivine and magma then equilibrium must have occurred
with a magma that is degassed relative to pristine MORB.
The inferred high state of degassing implies that addition
of relatively small amounts of radiogenic helium from
the crust could greatly affect the helium isotope ratios.

This last mechanism appears the most plausible ex-
planation for the observed *He/*He characteristics of the
Lesser Antilles. The observation of generally lower “He/
*He in px throughout the arc is particularly relevant, and
can be explained by the higher He diffusion coefficient of
px compared with ol (Trull & Kurz, 1993). In this way,
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crustal helium will be preferentially incorporated into px
and result in lower *He/*He than cogenetic ol. We test
this conclusion below by considering the relationship
between *He/*He and mineral chemistry.

Geographical control on crustal
contamination

The previous section has identified two distinct trends in
the helium isotope data. In the northern section of
the arc, px has preferentially recorded the addition of
radiogenic helium. No such evidence is found in ol even
if helium contents are low. In contrast, both ol and px
record evidence for crustal additions in the southern
section of the arc. In this section, we suggest that this
observation records difference in the circumstances of
contamination—the timing of crustal additions and pos-
sibly the nature or availability of the contaminant.

In the northern arc, ol does not record the crustal
addition, indicating that ol has already ceased to be a
major crystallizing phase before any contamination: in
effect, the ol has become closed to helium exchange with
the host magma. However, because px has lower *He/
‘He, we infer that the crustal contamination must have
occurred at a late stage in the evolution of the magma.
This is because (1) contamination must occur following
degassing (which is exacerbated at low pressures, i.e.
shallow levels in the crust), and (2) px has higher helium
diffusivities than ol (Trull & Kurz, 1993) and therefore
will remain ‘open’ for exchange with the melt at lower
temperatures and/or for longer time periods. The most
plausible process to add radiogenic helium preferentially
to px would be late-stage assimilation of, or interaction
with, older arc crust. Such crust would be expected to
have grown-in radiogenic helium and thereby possess
the requisite contaminant signal.

In the southern arc, most ol phenocrysts record addition
of radiogenic helium implying that ol was still crystallizing
or still open to exchange with the host magma during
the contamination process. In detail, however, the ol
data (Fig. 3c) appear to define a more or less horizontal
trend (~4-7R,) in the southern arc with a step function
towards higher, MORB-like helium isotope ratios at
higher helium contents. This step in the data is also
reflected in the WR major element chemistry and in the
phenocrysts: the high “He/*He and [He] lavas have
markedly higher WR MgO contents and ol mg-number
than the other southern arc samples (Van Soest, 2000).
We refer to this group of samples as the ‘high mg-number’
group samples, and they show little evidence for crustal
contamination in their helium isotope systematics. The
remaining samples form a horizontal trajectory in Fig.
3¢, similar to that for the ol data from the northern arc
but clearly displaced to lower *He/*He. We interpret this
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observation as a regional-scale contamination process
that must have taken place before or during ol crys-
tallization. We note that this process has also affected
the geothermal fluids; this implies that the contaminant
must be a major source of radiogenic helium and that
contamination must have taken place early i the de-
gassing history of the magmas. Contamination from this
source modified the helium isotope ratios of the southern
arc magmas from MORB-like values to ~4-7R, for the
olivines and, on average, to slightly higher values for the
geothermal fluids.

Following the addition of radiogenic helium, we suggest
that the ol crystallized normally and became closed for
helium exchange. Subsequently, the magmas could have
been affected by late-stage crustal assimilation although
its presence is less obvious than in the north. This is
probably a consequence of the fact that radiogenic helium
would have been added early in the magmatic history
leaving less leverage for isotopic modification by late-
stage assimilation.

The contrast between the contamination history of the
northern Antilles and that of the southern portions of
the arc is illustrated further in Fig. 4, in which helium
isotope ratios of mineral pairs from the same sample are
compared. If magmas were unaffected by contamination
processes then all mineral pairs should be in equilibrium
and lie in the MORB field (shaded square)—this is clearly
not the case. The northern suite shows disequilibrium,
with px having consistently lower *He/*He than cogenetic
ol; in this case, we conclude that the helium isotope ratio
was modified late in the evolution of the magma. The
southern suite has ol and px *He/*H close to equilibrium
but clearly displaced from the MORB field: we interpret
this as evidence for early-stage, pervasive crustal con-
tamination. The slight He-isotope disequilibrium for
some of these samples, with px lower than ol, shows that
these magmas also have been affected by late-stage
assimilation, but that the magmatic "He/*He is dom-
inated by the early contamination events.

One of the prime candidates for the crustal con-
taminant in the southern Antilles is the presence of
terrigenous sediments in the arc crust. These lithologies
may be overthrust sediments of the present fore-arc or
‘fore-arc’ sediments from the older Aves arc that was
split during the opening of the Grenada back-arc basin.
Both are likely to contain large amounts of old terrigenous
sediments from the South American continent. These
deposits are not expected to extend much further north
than Martinique. Another potential reservoir for the
radiogenic helium could be the arc crust itself, which is
significantly older in the south of the arc. However, it is
unclear if sufficient helium could have been produced
by radioactive decay in the crust since the Eocene—
assuming that this crust degassed during formation. The
relevant factors are the radio-element content of the
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arc crust, its retention characteristics, and the helium
concentration contrast between the crust and the in-
truding magma. Arguments based on the Sr and Pb
isotope composition of typical arc crust vs more evolved
Lesser Antilles lavas (Thirlwall & Graham, 1984; Dav-
idson, 1987; Davidson & Harmon, 1989; Smith et al.,
1996; Thirlwall et al., 1996) indicate that the arc crust
could not be the sole reservoir responsible for the crustal
contamination events.

The location of Martinique with respect to the two
geographical groupings remains unclear. Taking into
account the fact that the Martinique px data follow the
trend for the northern group (Fig. 3a) and the helium
1sotope ratio of geothermal fluids at Mt. Pelée overlaps
the MORB range [7-8R,—TFig. 2a and Van Soest ¢ al.
(1998) and Pedroni et al. (1999)], it seems reasonable to
include Martinique with the northern islands. However,
from Sr, Nd and O isotope results, there is strong evidence
for extensive crustal contamination on Martinique (e.g.
Davidson, 1987; Davidson & Harmon, 1989). This issue
will be addressed further below.

He isotope systematics and mineral
chemistry

An important test of the crustal contamination hypothesis
is whether there is supportive evidence in addition to
the *He/*He—[He] relationships discussed above. For
example, Gasparon et al. (1994) showed that *He/*He
ratios correlate with a fractionation index (mg-number)
in Sunda arc lavas such that phenocrysts with lower mg-
number, i.e. more evolved lavas, tended to have lower
*He/'He values. This was interpreted to result from
degassing during magma evolution with subsequent in-
creased susceptibility of volatile-poor magmas to crustal
additions. In this section, we apply the same test to the
Lesser Antilles samples.

In Fig. 5, we plot helium isotope ratios against mg-
number. The data are divided into the two geographical
groups distinguished in the previous section. Overall, mg-
number—He/*He data for the Lesser Antilles display the
same features as observed in the Sunda arc (Gasparon
et al., 1994).

In Fig. 5a, the data for the northern arc are plotted,
showing two distinct patterns. The olivine helium isotope
data do not show any correlation with mg-number, as
the ol has MORB-like helium isotope ratios regardless
of mg-number. In contrast, the px helium isotope data
appear to show a positive correlation with mg-number.
These relationships indicate that (1) assimilation and
fractional crystallization (AFC) was an active process in
the northern Antilles islands, and (2) assimilation must
have been a late-stage feature when ol had already
become closed to helium exchange with the host magma.
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Fig. 4. A plot of helium isotope ratios for cogenetic minerals pairs. Data are divided into groups based on geographical location in the arc and
on type of mineral pair. In the case of helium isotope equilibrium samples should fall on the 1:1 line. The figure clearly illustrates the marked
difference between the northern and southern arc. When the 26 error is taken into account, both groups have several mineral pairs that are in
equilibrium, but several of the mineral pairs show disequilibrium, which appears greater for the northern arc.

On the basis of proposed liquid lines of descent for Lesser
Antilles magmas (e.g. Sigurdsson et al., 1973; Brown et
al., 1977; Arculus & Wills, 1980; Devine & Sigurdsson,
1983; Devine, 1995; Heath et al., 1998a), AFC processes
take place only in high-level, i.e. shallow-level, crustal
magma chambers when ol is already present and no
longer plays a significant role as a crystallizing phase.
In Fig. 5b, the data for the southern arc are plotted.
It is evident that the helium data show neither trends
nor correlations with mg-number. Significantly, the two ol
samples from Grenada have MORB-like helium isotope
ratios and primitive, high mg-number—this represents
clear evidence that increased amounts of sediment sub-
ducted in the southern part of the Lesser Antilles are not
necessarily associated with a source of radiogenic helium.
However, for the bulk of the southern arc samples,
crustal addition has affected both ol and px, reinforcing
conclusions drawn in the previous section. The apparent
lack of any correlations with mg-number in both the
olivine and the pyroxene data confirms that late-stage
small-degree assimilation following degassing is not the

major factor controlling the helium isotope systematics
of these southern arc lavas.

If we consider the single Martinique sample for which
a mineral mg-number was determined (Fig. 5a and b), it
would appear that this sample follows the trend defined
by the northern arc samples. The *He/"He—mg-number
relationship for Martinique, therefore, supports its clas-
sification with the northern islands based upon the *He/
*He—[He] systematics.

The southern Lesser Antilles—a region of
pervasive crustal contamination?
In Fig. 5c, we plot the ol "He/*He against mg-number.
The plot reinforces the conclusion (previous section) of
minimal addition of crustal volatiles in the northern
portion of the arc; however, there appear two trends
evident for the southern Antilles:

(1) The ‘high mg-number’ group is characterized by
primitive (high) mg-numbers and MORB-like helium iso-
tope ratios. This group is made up of just two samples
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Fig. 5. (a) Ry/R, vs mg-number for the northern arc. The data are plotted per island and mineral type. Two trends can be observed: (1) ol
data for the northern arc do not correlate with mg-number, but instead form a horizontal trend that shows similar *He/'He independent of mg-
number; (2) px data for the northern arc show a broad positive correlation with mg-number, indicating that AFC processes occurring during
late-stage degassing have modified their helium isotope systematics. During these events, ol phenocrysts must have been closed for helium
exchange with the host magma. (b) Ry;/R, vs mg-number for the southern arc. The data are plotted per island and mineral type. No obvious
trends can be observed for the dataset as a whole or for separate mineral type. (¢) Ry;/R, vs mg-number for ol phenocrysts. Data are plotted
per island and geographical position in the arc. Both sample suites define a more or less horizontal trend of "He/*He vs mg-number but the
northern samples have significantly higher He/*He. Two samples from Grenada would fit better with the northern arc data.
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from Grenada (GRE27x13 and LAG4). Although mineral
mg-number data are absent, we include the samples from
Ile de Caille (WIC17, WIC19, WIC20) with this group
based on their *He/*He (Table 1) and WR geochemistry
[reported by Van Soest (2000)].

(2) The ‘low mg-number’ group have lower mg-number
and *He/*He < MORB, and are defined by the re-
mainder of the Grenada and St. Vincent samples.

The ‘low mg-number’ group appears to define a trend
sub-parallel to the northern arc samples, but displaced
to lower helium isotope ratios. It is significant that px
from these samples shows little evidence for late-stage
assimilation as in the case of px from the northern arc.
This feature could be explained by either loss of leverage
available for this process—as a result of the presence
of earlier crustal addition events, which have already
significantly lowered the helium isotope ratios, or closed
system fractional crystallization without assimilation. We
prefer the former explanation, as widespread evidence
for the presence of high-level AFC in the southern islands
1s reported in the literature (e.g. Hawkesworth & Powell,
1980; Thirlwall & Graham, 1984; Davidson, 1985, 1987,
Vidal et al., 1991; Smith et al., 1996; Thirlwall ez al., 1996;
this work).

The high mg-number group has helium isotope ratios
that are MORB-like or close to MORB and mg-numbers
that are high, indicating that crustal additions or AFC
have played little part in the history of these magmas.
These features could be explained by rapid transit times
of the magmas from source to surface. If the magma
traverses the arc crust rapidly, there will be little op-
portunity for large-scale pervasive crustal contamination,
open system fractionation (AFC), differentiation or late-
stage degassing of these magmas. There are several points
that support this scenario:

(1) the samples from Grenada and Ile de Caille (LAG4,
WIC17, WIC19, WIC20) are associated with deep-seated
fault structures in the arc crust (Westercamp, 1979).
These structures can facilitate rapid magma movement by
providing a direct conduit to the surface, thus shortening
transit times from source to surface.

(2) The high MgO contents of the high mg-number
group suggest that olivine accumulation may have been
an important process for these magmas during their
history, e.g. sample LAG4 has almost 18 wt % MgO
(Van Soest, 2000). We speculate that to maintain prim-
itive (high mg-number) magmas, considerable transit ve-
locities and hence short residence times in crustal magma
chambers would be required.

(3) With the exception of GRE27x13 (mantle xenolith),
all samples have (slightly) higher helium contents com-
pared with other samples from the southern arc. This
might be indicative of reduced opportunity for magma
degassing in high-level crustal magma chambers.

CRUSTAL CONTAMINATION IN LESSER ANTILLES ARC

For the ‘low mg-number’ group samples, the cumulative
helium isotope data (ol, px, and geothermal fluids) suggest
the occurrence of at least one major crustal contaminant
that has affected magmas early on in the crystallization
sequence, before major degassing and ‘closure’ of olivine
to helium exchange with the host magma. This con-
taminant affects the magmas so extensively that late-
stage differentiation and (A)FC processes in high-level
magma chambers (as indicated by decreasing mg-number
of the minerals) have little or no effect on the He isotope
systematics.

He-O isotope relationships

Oxygen isotopes can be used as an indicator of crustal
contamination, in a manner similar to helium isotopes.
Therefore, it is useful to seek relationships between helium
and oxygen isotopes in magmatic systems that have
undergone differing amounts of crustal contamination.
Any kind of relationship will depend on the sensitivity of
both isotope systems to crustal contamination events
and to potential sources of contamination. In terms of
determining source(s) of contamination, oxygen isotopes
provide a potentially powerful tool, because many com-
ponents that can be present in the arc crust have differing
8"O values (e.g. Margaritz el al., 1978; James, 1981;
Bacon et al., 1989; Feeley & Sharp, 1995; Macpherson
et al., 1998).

Our dataset for the Lesser Antilles contains 28 mineral
separates that have both helium and oxygen isotope data
available (Table 1). In Fig. 6, oxygen isotope data are
plotted against helium isotope ratios. There are no general
trends evident in the plot but several features also ob-
served in the oxygen dataset stand out and can help to
confirm and constrain better the conclusions drawn from
the helium and mg-number systematics. For example, for
the (northern) island of Guadeloupe the sample (Isgu5-
px) with the lowest *He/*He ratio also records a small
8"®O decrease relative to the anticipated mantle cpx
range. The low *He/*He was interpreted as late-stage
assimilation in high-level crustal magma chambers, fa-
cilitated by extensive degassing of the magma. The low
8"%0 decrease appears to be consistent with the scenario
that as assimilation increases and helium is increasingly
modified, oxygen isotopes also start recording the con-
tamination event(s). Modification towards lower 3O
values implies that the origin of this contaminant could
be either hydrothermally altered magmatic or volcanic
wall rocks (e.g. James, 1981; Bacon et al.,, 1989; Feeley
& Sharp, 1995) or hydrothermally altered oceanic crust
of the arc basement (e.g. James, 1981; Eiler et al., 1996;
Macpherson & Mattey, 1998). To be consistent with our
interpretation of the helium isotope systematics of the
northern arc px, we suggest that the source of the low
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8""O is hydrothermally altered magmatic or volcanic wall
rocks situated at high levels in the arc crust.

In the southern portion of the arc, the oxygen isotope
data do not show any correlation with the two groups
distinguished based on helium isotope—mg-number sys-
tematics. The bulk of the data falls within the oxygen
isotope range for mantle peridotite, in contrast to the
helium isotope data, which show clear evidence for crustal
contamination. This decoupling of He and O isotope
systematics 18 probably due to a difference in sensitivity
to crustal contaminants. The ‘low mg-number’ group (in
Fig. 6 mainly defined by *He/*He ratios <5R,) includes
some samples (e.g. from St. Vincent) that show oxygen
isotope shifts towards lower ratios. On the basis of the
previous discussion [suggesting a pervasive (deep) crustal
source of contamination], it could be argued that the
source for the contaminant in this case is not restricted
to high-level crustal magma chambers and therefore
could be altered oceanic crust of the arc basement.
However, the fact that helium and oxygen isotope sys-
tematics are not necessarily related also allows for an
alternative interpretation. The St. Vincent samples show-
ing modifications towards lower oxygen isotope ratios
are related to recent eruptions of the Soufriere volcano.
Until three decades ago, this volcano was characterized

by the presence of a large crater lake (e.g. Robson
& Tomblin, 1966; Devine & Sigurdsson, 1983), which
indicates that large amounts of meteoric water are po-
tentially available to circulate through the uppermost arc
crust and participate in hydrothermal alteration.

In addition, there are three olivine samples in the
southern arc that have high 3'°O values compared with
olivine in equilibrium with mantle peridotite (Mattey et
al., 1994). This indicates that there is a contaminant
present in the arc crust with high 8O values. The origin
of this contaminant could be several types of sediment
incorporated in the crust or the arc crust itself (e.g.
Margaritz et al., 1978; James, 1981). The observation
that two of these olivine samples fall within the ‘high mg-
number’ group implies that oxygen contamination can
occur independently of helium contamination or that the
contaminant changes in composition.

The sample that shows the most convincing evidence
for crustal contamination in oxygen isotopes is a pyroxene
sample from Martinique—an island where crustal con-
tamination has been well documented by previous 8'°O
studies of WR and plagioclase separates from the older
centers (Davidson, 1985; Davidson & Harmon, 1989).
The high 8'"°O pyroxene (Ism2) in this study comes from
one of these centers. The other sample from Martinique,
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which shows no evidence for crustal contamination in its
oxygen isotopes (Ism4b), was erupted from Mt. Pelée, a
center where crustal contamination is much less apparent
and of minor importance (e.g. Davidson, 1986, 1987).

He—Sr isotope relationships

The strontium isotope record of arc-related rocks po-
tentially represents a complex history of enrichment by
subducted components in the source region as well as
later modification by crustal magma chamber processes.
Indeed, there is evidence for both processes in the Sr
isotope record of Lesser Antilles lavas (e.g. Hawkesworth
& Powell, 1980; Davidson, 1983; Thirlwall & Graham,
1984; Davidson, 1985, 1987; White & Dupre, 1986;
Vidal et al., 1991; Thirlwall et al., 1996; Turner et al.,
1996; Heath et al., 19984). Again, therefore, it is of interest
to consider isotope—isotope correlations, in this case be-
tween He and Sr, to gauge relative sensitivities to these
processes. It should be noted, however, thatlavas in which
the most convincing evidence for crustal contamination is
found are intrinsically unsuited for He isotope studies as
a result of their more evolved compositions.

In an attempt to quantify the effects of crustal con-
tamination on both He and Sr isotopes, we consider
our data in terms of end-member compositions (Lesser
Antilles arc crust, subducting material, and the mantle
wedge) and possible mixing relationships between them
(after Langmuir et al., 1978). Table 2 details the end-
member compositions used in the modeling. We make
the assumption that WR' Sr-isotope ratios are rep-
resentative of values in the phenocrysts: initial work
comparing WR with ol and px Sr isotope ratios (Van
Soest, 2000) indicates this is the case for the majority of
samples considered here. We consider two scenarios:
(1) mixing between subducted components and mantle
wedge; (2) admixture of variably degassed arc magma
with arc crust.

In Fig. 7, we plot the total He—Sr isotope dataset for
the Lesser Antilles superimposed upon various mixing
trajectories between the MORB source and the end-
members described above [scenario (1)]. We point out
that for these mixing scenarios our subducted end-mem-
bers are assumed to retain their helium during sub-
duction. We note that if helium is not subducted, which
is the most likely scenario for ‘normal’ subduction not
involving continental crust (Staudacher & Allegre, 1988;
Hilton et al., 1992; Hiyagon, 19944, 19945), then sub-
duction addition would be reflected only in the Sr com-
position of samples: this is illustrated in Fig. 7 by the
dashed lines extending horizontally from the MORB
source (MS) box towards higher Sr isotope ratios.

With this in mind the following points are apparent
from Fig. 7:

CRUSTAL CONTAMINATION IN LESSER ANTILLES ARC

(1) most of the data points plot far away from the
mixing curves calculated for the subduction addition
scenario. This implies that subduction of helium in the
subducting slab and sediments cannot explain the bulk
of the data, as all sedimentary and the altered MORB
end-members have been defined assuming complete re-
tention of their helium through the subduction process.

(2) The Sr isotopic composition of the sediment end-
members is of little consequence, as the GL (GLOSS),
SN (northern arc sediment), and SSA (southern arc
sediment—alternate) mixing curves follow essentially the
same trend for the Sr isotope range (up to 0-7055) covered
by the data of this study.

(3) The MS (MORB source) x AM (altered MORB)
mixing curve represents mixing of MORB source with
a subducted component without involvement of sediment
melt or slab-derived fluid. Because most data points plot
well away from this mixing curve, it is clear that mixing
with a component derived from altered MORB alone
cannot explain the data for the Lesser Antilles. Most
data points plot away from the MS x AM trajectory
and at least require the addition of a sediment component
either as a distinct melt [as described by Elliott et al.
(1997)] or as a contributor to the slab-derived fluid to
explain their Sr isotope composition.

(4) The northern and southern groups have distinct
Sr isotope characteristics. The northern group defines a
range between 0-7031 and 0-7038 and the southern
group defines a range from 0:7039 to 0-7054. On the
basis of the Sr isotope results alone, this clear difference
between the north and the south can be explained simply
by adding a greater proportion of a subducted sediment
component in the south compared with the north. The
helium isotope results require that some amount of crustal
addition is involved as described above.

(5) Northern group ol data can be explained by sub-
duction addition alone; only the Sr and not the helium
isotopes have been affected. Northern group px data
have been affected by minor late-stage crustal con-
tamination (see the discussion for helium systematics
above); whether or not this has also affected the Sr
isotopes cannot be determined at this time, but it would
appear to be not the case (see below).

(6) For the southern group, all but three of the data
points fall below the dashed box defining subduction
addition (no helium subduction). This indicates that most
of the samples have been affected by crustal con-
tamination. The range of *’Sr/®Sr for the three samples
that could be explained by only subduction addition
spans almost the whole range observed for the southern
group in this study. This indicates that for Sr isotope
ratios all the data points could essentially be obtained by
subduction addition only.

In scenario (2) given above, we consider the case of
admixture of variably degassed arc magma with arc crust
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Table 2: Sr—He mixing end members and K values

End member:®  [*Hel Rw/Ra [Sr] 87Sr/*Sr ID® Subduction K¢ Crustal K
(ncm?® (ppm) mixing mixing
STP/g) curves® curves®
MORB source 5000 8.00 9.0 0-702730 MS MS x GL 60-56 MAN x CN 0-13
GLOSS 3000 0.05 327-0 0-717300 GL MS x SN 47.44 MAN-x CN 0.17
Sed. N 1300 0-05 111-0 0-717880 SN MS x SS 1442 MAN+ x CN 0-10
Sed. S 5200 0.-05 135-0 0-711000 SS MS x SSA 42.74
Alt. MORB 390 0.05 120-0 0-703100 AM MS x AM 170-94 MAS1 x CS1 0-001
Sed. S Alt. 5200 0-05 400-0 0-720000 SSA MAS1 x CS2 0-013
MORB ARC N 10 8.00 200-0 0.703494 MAN MAS1 x CS3 0-200
MORB ARC N- 10 8.00 150-0 0-703200 MAN-
MORB ARC N+ 10 8.00 250-0 0-703800 MAN + MAS2 x CS1 0-003
MORB ARC S1 10 8.00 300-0 0-703900 MAS1 MAS2 x CS2 0-027
MORB ARC S2 20 8.00 300-0 0-705500 MAS2 MAS2 x CS3 0-400
MORB ARC S3 20 8.00 150-0 0-703900 MAS3
CRUS N 100 0.05 250.-0 0-704500 CN MAS3 x CS1 0-005
CRUS S1 10000 0.05 400-0 0-711000 Cs1 MAS3 x CS2 0-053
CRUS s2 1000 0.05 400-0 0-720000 CS2 MAS3 x CS3 0-800
CRUS S3 100 0.05 600-0 0-711000 CS3

*The end members are defined as follows. MORB source: undergoing 10% of partial melting; [Sr] is modified after Sun &
McDonough (1989) and [He] is modified after Jambon et al. (1985) and Sarda & Graham (1990); GLOSS: Sr from Plank &
Langmuir (1998), [“He] is an estimate based on results for the Lesser Antilles sediments (Van Soest, 2000); Sed. N (subducted
sediments for the northern arc): Sr from Plank & Langmuir (1998), He from Van Soest (2000); Sed. S (subducted sediments
for the southern arc): Sr from Plank & Langmuir (1998), He from Van Soest (2000); Alt. MORB (subducted altered oceanic
crust): Sr from White et al. (1985), He from Van Soest (2000); Sed. S Alt.: an alternative composition for subducted sediment
in the southern arc, based on more extreme compositions found for Southern Lesser Antilles sediments (White et al., 1985;
Ben Othman et al., 1989); MORB ARC N, N-, N +: potential composition of arc magmas in the northern Lesser Antilles as
they enter the arc crust after a first stage of deep degassing, based on results from this study; MORB ARC S1, -2, -3: potential
composition of arc magmas in the southern Lesser Antilles as they enter the arc crust after a first stage of deep degassing,
based on results from this study; CRUS N: best estimate for the composition of a northern Lesser Antilles arc crustal
component; CRUS S1, -2, -3: several potential compositions of southern Lesser Antilles arc crustal components, based on
the presence of sediments in the crust that are similar to those subducted beneath the arc.

PEnd-member identifier.

°Mixing curves calculated for the mixing of subducted components with the MORB source.

9K values for the various mixing curves. The K value is calculated based on the He and Sr contents of the components that
are mixing: K = ([*Helyx X [Srleon)/([Stlue x [*Heleon), Where Mxx represents any of the mixing components starting with
an M, and cont represents the other mixing components, which are in effect the contaminants added.

°Mixing curves calculated for the mixing of the arc magma as it enters the arc crust with potential crustal components.

as the He isotope data indicate that there must be a
component of crustal addition. To evaluate this pos-
sibility, mixing calculations have been carried out for a
set of arc magmas, after transfer from their source, which
have undergone subduction contamination and an initial
stage of degassing, with a set of potential crustal end-
members thought to be appropriate for the Lesser An-
tilles. The end-member compositions and related K'values
are given in Table 2.

In Fig. 8, we plot the He—Sr data superimposed upon
crustal addition mixing curves. There is one set of mixing
curves for the northern arc based on three potential

magmas mixing with one crustal component. For the
southern arc there are three sets of mixing curves labeled
A, B, and C. The curves are based on three magmas
(MAS1-3) mixing with three crustal contaminants (CS1—
3).

The following points are apparent:

(1) the mixing curves calculated for the crustal con-
tamination in the northern part of the arc are consistent
with the scenario of subduction addition with some late-
stage crustal addition. The late-stage contamination has
apparently not affected the Sr isotopes. The Sr isotope
systematics of the northern group are determined by the

162



VAN SOEST et al.

CRUSTAL CONTAMINATION IN LESSER ANTILLES ARC

10
9 @ @ —_—
i * GL, SN, SSA
8— R -1:‘:::&:::::::::::Z::Z::ZZZZZII::::: """""""""""""""
o TR
-1 MS [ ] ... [ ] @] SS
7 T T T T e e T T T T T O T T T
R R PR AU
Ny L] o g SS7
6 = =
< | L
& -
S~ 5 1 8) @ ]
mz 4 ] s " 5 ° ~ MORB Source Range
L] + MORB Source
B L] B O
] [m] [u] . - .
3 | — — Subduction addition no He subduction
) @  Northern Olivines
@ ®m  Northern Pyroxenes
2 O Southern Olivines
7 ] o O Southern Pyroxenes
1 - B Martinique Pyroxenes
e Mixing Curves of MS x Subd. Res.
AM
0 T T T T ‘ T T T T ‘ ; T T ‘ T T T T ‘ T T T T ‘ T T T | T T T T ‘ T T T T “

0.7020 0.7025 0.7030 0.7035 0.7040 0.7045 0.7050 0.7055 0.7060
87 86

Fig. 7. "He/*Hepny (Ry/Ry) vs St/ 8‘%Sr(\\m with mantle-subducted component mixing curves superimposed (subduction mixing curves). The
mixing curves represent an end-member scenario with the assumption of complete He retention in the subducted components. The alternative
scenario is presented by the dashed-line box extending from the MS box towards higher “Sr/®Sr, labeled ‘Subduction addition no He
subduction’. This represents the case where no He survives the subduction process and subduction addition is reflected only in Sr isotopes. All
data points fall to the right of the MS x AM mixing curve, indicating the involvement of subducted sediment in all cases. The northern group
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indicating some extent of crustal contamination.

subducted component after which late-stage con-
tamination affected the helium isotope systematics of the
px. This implies that A 'values must be very low, probably
less than the minimum of 0-1 calculated here, and gives
the appearance that He and Sr behave independently.
However, as discussed by Hilton et al. (1992), this is
mainly due to the relatively large He/Sr ratios in the
contaminants, which give helium a greater sensitivity to
crustal contamination compared with strontium.

(2) For MAS x CS mixing curves with low A values
(curves labeled A) the Sr isotope composition of the CS
end-members is of little consequence for defining trends:
all three curves have similar curvature and indicate
that crustal addition nitially affects only helium isotope
systematics without significant changes to Sr isotopes.
Only in the case of mixing curves with & values close to
unity, i.e. fairly straight mixing lines (curves labeled B),
does the isotopic composition for the GS end-members
have an important influence on resulting values of He
and Sr isotopes.

(3) As noted above, the He isotope data for all but
three samples of the southern group suggest the presence

of crustal contamination. This contamination has affected
ol as well as px and implies a process that is distinct from
that occurring in the northern arc.

For the southern arc, two ‘end-member’ scenarios are
compatible with the mixing curves presented in Fig. 8:

(1) subduction addition alone accounts for the observed
Sr isotope ratios. The subsequent crustal addition events,
as recorded in the He isotope results, can then be attained
by adding He following mixing curves with very low K
values (K <0-01; see the curves marked A in Fig. 8), so
that Sr is unaffected. This scenario implies again that
He appears to behave independently of Sr with respect
to tracing crustal addition.

(2) If most of the southern arc magmas do not have
Sr isotope ratios much higher than the composition of
MASI,-3 then subsequent ¥Sr enrichment is achieved
through crustal addition along mixing curves marked B
with A'values close to unity. If the potentially large range
in Sr isotope ratios for the crustal end-member in the
south is taken into account (0-711-0-720; see Table 2),
it 1s possible to explain all the data in the southern arc
with these types of mixing relationships.
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Fig. 8. "He/*Hepmy (Ru/Ry) vs 'St/ Sty showing arc magma-—crustal component mixing curves (crustal mixing curves). For the northern
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the northern arc crust (see Table 2). For the southern arc, there are three sets of three mixing curves: three sets of potential southern arc magma
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of He in the crustal component. Mixing curves marked B have A values closer to unity (>0-1) and represent cases where Sr isotopes play a
major part in the crustal addition scenario. Mixing curves marked C have A values 0-01 < A< 0-1 and represent a combination of previous

possibilities.

Arguments in favour of scenario (1) are the increased
amounts of sediment subducted in the south of the arc
(von Huene & Scholl, 1991; Plank & Langmuir, 1998),
which could lead to high Sr isotope ratios by subduction
addition alone. Curves marked C i Fig. 8 represent
possibilities where the strontium isotope signature of some
samples is generated by crustal contamination. This
implies that mixing curves with characteristics similar to
those of curves A (K <0-01) and C represent plausible
mixing scenarios; in which case, the main shift in Sr
1sotopes 1s caused by subduction addition.

It is not yet possible to evaluate the validity of scenario
(2), because of the difficulty of constraining the starting
Sr 1sotope composition of the magmas as they enter the
arc crust. However, if scenario (2) represents a realistic
possibility, some form of Sr isotope disequilibrium be-
tween the different minerals might be expected. Pre-
liminary experiments carried out on some of the samples
(Van Soest, 2000) suggest that this is not the case, and
therefore we would argue against this scenario. We

conclude, therefore, that when there is clear evidence
from Sr isotopes and/or other geochemical parameters
for crustal additions, helium will be expected to give
corroborating evidence. However, when there is clear
evidence for crustal additions in the He isotope system,
Sr isotopes (and/or other geochemical parameters) will
not necessarily match, because of the greatly increased
sensitivity of helium to crustal contamination.

Sr-O isotope relationships

Sr—O relationships have been used frequently to identify
the presence of crustal contamination in magmas (e.g.
Margaritz et al., 1978; James, 1981; Harmon et al., 1984;
Davidson, 1985; Bacon et al., 1989; Davidson & Harmon,
1989; Harris, 1989; Smith ¢t al., 1996; Thirlwall et al.,
1996; Macpherson et al., 1998). Indeed, for the Lesser
Antilles, correlations between WR §'°O values and Sr,
Nd and Pb isotopes are consistent with extensive crustal
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contamination of the lavas of Martinique (e¢.g. Davidson
& Harmon, 1989). Subduction contamination produces
only minor changes in oxygen isotope ratios (e.g. Mac-
pherson & Mattey, 1998; Macpherson et al., 1998; Vroon
et al., 1999; Eiler et al., 2000) so large shifts in oxygen
isotopes from mantle values are most likely to represent
crustal contamination. On the other hand, increases
in Sr isotopes without modification of oxygen isotopes
probably point to subduction contamination.

In Fig. 9, we plot YSr/*Sr vs 8O for both the
northern and southern portions of the arc (Table 1)
together with literature data (available only for the south-
ern arc). Superimposed on the plot are several mixing
curves. The northern arc shows a number of features
noted previously; for example, most data can be explained
by subduction contamination only (curve labeled SC).
However, the deviation from mantle 8O values for
three samples is best explained by contamination with
arc crust. For shifts towards low 8'®O, the arc crust would
be hydrothermally altered (e.g. James, 1981; Bacon et al.,
1989; Feeley & Sharp, 1995); if deviations are towards
high 8O (>7%o), as illustrated by the glass sample
(curve NA: 8O = 10; ¥Sr/*Sr = 0-704500), then the
contaminant is probably arc crust that has not been
hydrothermally altered (Margaritz ez al., 1978; Longstafte
et al., 1983; Harmon et al., 1984; Davidson & Harmon,
1989). In either case, significant shifts in *’Sr/®Sr are
not expected.

For the southern arc, there are two crustal con-
tamination trends in oxygen isotopes: a trend towards
lower 8"0 values (identified by two arrows in Fig. 9)
identifies hydrothermally altered crust, as for the northern
arc. For the trend towards higher §'°O values, we suggest
that the ¥Sr/*Sr data may help constrain mixing trends
better. The starting composition for potential mixing
curves falls somewhere along the SC mixing curve (Fig.
9), as subduction contamination affects mostly Sr and
not O isotopes. The data are then constrained by mixing
curves that trend towards the composition of local sedi-
ments [6"O ~ +20%o (Davidson, 1987) and ¥Sr/*Sr
0-711-0-720 (White et al, 1985; Plank & Langmuir,
1998)], which have been identified previously as being
the possible source of crustal contamination in the south-
ern arc (e.g. Davidson & Harmon, 1989; Thirlwall ez al.,
1996). In contrast to He/O and He/Sr systematics, the
Sr/O of magma and contaminant will be fairly similar
thereby giving K values close to unity, where & = ([Sr],,/
[O].,)/([Sr]./[O].), which simplifies to K = [Sr],./[Sr].,
as in most cases [O],, ~ [O]. (where m is magma and
c is contaminant). Such mixing scenarios are illustrated
by curves SA1-SA4 ("0 ~ +20%o for all; ¥’Sr/*Sr
0-711 for SA1, SA3, CC1, and CC2; ¥Sr/®Sr 0-720 for
SA2 and SA4). The data for the southern arc, including
literature data, generally conform to this set of mixing
trajectories. However, mixing curves following the trends

CRUSTAL CONTAMINATION IN LESSER ANTILLES ARC

to end-members CC1 and CC2, indicating Sr modi-
fication by subduction contamination followed by O
modification by crustal contamination, are unrealistic
based on the anticipated end-member Sr/O.

Noble gases in Martinique: major crustal
addition or late-stage degassing?

The island of Martinique plays a pivotal role in the
discussion about crustal additions in the Lesser Antilles.
Geochemical studies (e.g. Davidson, 1986; Davidson &
Harmon, 1989; Smith et al., 1997) have shown evidence
for the presence of significant crustal additions to magmas
with the contaminant probably of sedimentary origin.
However, helium isotopes on Martinique present a con-
trasting image, with “He/*He ratios of 7-8R, for a geo-
thermal fluid from Mt. Pélée (Van Soest et al., 1998; Iig.
2a) and similar MORB-like values in geothermal fluids
for the Diamant volcanic center (Pedroni et al., 1999).
Helium isotope results of phenocrysts (this work) resemble
data for the northern Lesser Antilles (Figs 3 and 35),
where there is little evidence for the presence of extensive
crustal additions. This appears to be confirmed by the fact
that the oxygen isotope composition of the orthopyroxene
separate (Ism4b; Table 1) does not deviate from mantle
values. The helium isotope ratio of 3:43R, for this
orthopyroxene can probably be related to late-stage
assimilation following degassing, as is thought to occur
in the northern arc.

The other pyroxene sample (Ism2) for Martinique for
which helium, oxygen and strontium isotope data are
available is from an older center, Pitons du Carbet
(>0-6 Ma; Nagle et al., 1976; Briden e al., 1979). Even
though its helium isotope ratio (2-16R,) must be con-
sidered a minimum value, its oxygen and strontium
isotope characteristics are consistent with the presence
of a major crustal contamination component (Figs 6 and
9). The fact that the oxygen and strontium isotope
characteristics of this sample are among the most extreme
values determined during this study confirms observations
(e.g. Davidson, 1986; Davidson & Harmon, 1989; Smith
et al., 1997) that crustal contamination plays an important
role in older centers of Martinique.

Pedroni et al. (1999) explained the trend between He
and Sr isotopes for Martinique (Fig. 8) by subduction
contamination by helium. They compared helium i1sotope
ratios from present-day geothermal fluids with published
WR strontium isotope ratios for various volcanic centers
of Martinique. We question the validity of this approach
given that the Sr/*Sr database was produced using
lavas from different volcanic centers over various time
periods (e.g. several centers have an age of >10 Ma). For
example, it seems improbable to us that the volcanic
rocks of the Lamentin center, which show a range in
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strontium isotope ratios from 0-706 to 0-710 (Davidson,
1986), could be related to a single geothermal system
characterized by a present-day helium isotope ratio of
around 2R,. Contrary to the suggestion that helium is
derived from the subducted slab (Pedroni et al., 1999),
we interpret the data for the southern arc as showing
the effects of crustal contamination as recorded in both
the helium and oxygen isotope systematics. Other samples
that show features related to subduction contamination
are characterized by MORB-like helium isotope ratios
with strontium isotopes values that can cover a con-
siderable range (Fig. 7 or 8).

To explain the occurrence of both crustal con-
tamination and subduction contamination in lavas from
Martinique, its geographical position within the Lesser
Antilles must be considered. In and around Martinique,
two important changes take place in the Lesser Antilles
arc:

(1) north of the island of Martinique, the Lesser Antilles
arc 1s bifurcated: an older inactive set of islands lies to
the east and currently active younger islands are located
to the west. This shift in activity from east to west

has also shifted volcanism on Martinique itself, thereby
moving the current line of volcanism off the central axis
of the arc and to the west.

(2) Around the island of Martinique, the fore-arc be-
comes thinner and smaller in lateral extent (Fig. 1).
Therefore, the distribution of the crustal contaminant
(sediments) may be more limited compared with the
southern Lesser Antilles.

The shift of magmatic activity away from the axis of
the arc and the potentially diminished distribution of the
sedimentary contaminant may provide an explanation
for the absence of discernible crustal additions at the
Mt. Pélée center as opposed to the older centers. This
suggestion is supported by results from radiogenic isotope
studies (e.g. Davidson, 1986; Davidson & Harmon, 1989),
which show that evidence for crustal addition is mainly
apparent in lavas from the older centers, whereas the
younger centers have radiogenic isotope systematics that
are similar or close to those of the northern Lesser Antilles
(e.g. Hawkesworth & Powell, 1980; Davidson, 1983,
1987; White & Dupre, 1986). Martinique is then the
locus of the transition in the Lesser Antilles arc from the
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northern islands, where crustal additions play a relatively
minor role in petrogenesis, to the southern arc, where
crustal contamination is much more extensive.

CONCLUSIONS

In conclusion, the following points are emphasized:

(1) helium isotope and abundance systematics of ol
and px phenocrysts from Lesser Antilles arc lavas confirm
the observations from helium isotope systematics in geo-
thermal fluids (Van Soest et al., 1998) that there is a
regional control on the importance of the role of crustal
contamination in petrogenesis. The islands towards the
north of the arc (from Martinique northwards) show
evidence for only minor late-stage contamination. The
islands from the southern arc (Grenada—Martinique)
show evidence for a more pervasive, major crustal con-
tamination.

(2) As pyroxene is the only phenocryst phase to record
He isotope evidence of crustal contamination in the
north, we suggest that the contaminant is probably older
arc crust. The crust contributes relatively minor amounts
of radiogenic helium to the magma at a late stage—
following extensive magmatic degassing when olivine
phenocrysts have ceased to exchange helium with the
host magma. The fact that both olivine phenocrysts and
geothermal fluids record crustal contamination in the
south of the arc leads us to suggest that a contaminant
other than older arc crust is required to supply the
radiogenic helium. We opt for terrigenous sediment,
originating either from the older Aves fore-arc or possibly
as overthrust sediments from the current fore-arc, as the
contaminant.

(3) The only coupled behaviour between tracers of
crustal contamination in the Lesser Antilles is between
*He/*He and mg-number. 8'*O and ¥Sr/*Sr show similar
trends in their geographical distribution, potentially in-
dicative of major crustal contamination in the south, but
no clear correlation with He isotope systematics. This is
probably because *He/'He is more sensitive to crustal
contamination than 8O and ¥Sr/*Sr. Within He—Sr
1sotope space, there are some indications that the com-
plete range in ’Sr/®Sr for the southern islands could
have been caused by subduction contamination alone.
However, this scenario cannot be resolved from crustal
contamination processes, as indicated by helium isotope
systematics, that also cause increases in *’Sr/®Sr.

(4) Sr-O isotope mixing relationships show anticipated
trends: subduction contamination is indicated by an
increase in ¥’Sr/®Sr without a significant shift in 8'°O.
In contrast, crustal contamination is indicated by shifts
in both ¥Sr/*Sr and 8'°O, which is best modeled by
mixing curves with A values close to unity. For the
southern group of islands, the mixing trends suggest that

CRUSTAL CONTAMINATION IN LESSER ANTILLES ARC

sediments are the most likely candidate to serve as the
crustal contaminant.

(5) The island of Martinique appears to be transitional
between the two geographic groupings. The recent vol-
canic centers (Mt. Pélee and Diamant) show little evi-
dence for crustal contamination. Crustal contamination
recorded in the literature (Davidson, 1986; Davidson &
Harmon, 1989) covers mainly the older centers. This
can be explained by a shift in the location of the volcanic
arc towards the west of the island.
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